T he goal of many soil and crop management practices is to provide a more favorable environment for crop production for the soil at a particular location. One key to the proper use of available soil management techniques is the understanding of the complex interactions among soil physical properties, root growth and development, and plant response to changing physical conditions. Soil physical and chemical conditions, as well as the genetic predisposition of the crop species, determine the root distribution for a particular crop. Skinner et al. (1998) studied the effects of banded NO 3 fertilizer and furrow irrigation on corn root distribution and showed that there is a complex interaction between the stimulation of corn roots due to high NO 3 concentration and the restrictive effect of dry soil on corn roots. Root response to soil conditions was even more complex due to the apparent increase in corn root density in somewhat dry soil compared with consistently moist soil. Benjamin and Nielsen (2004) showed that plant response to dry soil conditions can vary with plant species and the growth stage of a plant within a species. They found that the root system of soybean [Glycine max (L.) Merr.] was relatively unaffected by water deficit conditions, whereas field pea [Pisum sativum L. ssp. sativum var. arvense (L.) Poir.] and chickpea (Cicer arietinum L.) responded to water deficit by growing more roots deeper in the soil profile.
It is obvious that an active root system with the uptake of water for transpiration greatly affects chemical leaching from the root zone compared with bare soil scenarios. Benjamin et al. (1996) predicted less NO 3 leaching from under a corn crop than under bare soil due to less downward water movement in the soil profile. Jackson and Estes (2007) , using three independent models, predicted a hypothetical chemical concentration at the bottom of a 1.1-m profile under corn or turfgrass to be one-half to one-tenth the concentration of the same chemical under bare soil.
Models are often used to integrate these complex interactions into a form that a manager can use to make better management decisions. Complex models have been developed to investigate the effects of management practices on crop yield (Jones et al., 2003) , soil erosion (Jones et al., 1991b) , and water quality (Ahuja et al., 2000) . These models attempt to distribute roots into the soil based on the crop and its growth stage, the amount of C available for root growth, and the soil conditions in which the crop grows. In general, these models allocate a certain amount of C for root growth and then distribute the roots in the underlying soil based on the relative suitability for root growth in the soil layers. The accuracy and usefulness of these models rely on the ability of the root growth submodel to respond to varying soil conditions. Models for simulating multidimensional root growth into variable soil have been developed (Grant, 1993a (Grant, , 1993b Benjamin et al., 1996) , but the limiting criteria for altering root growth due to changes in soil physical conditions have not been well studied. The nature of root-limiting soil physical conditions is complicated by the fact that different mechanisms control root growth at different q (m 3 m -3 ) as r b changes. In very wet soil, O 2 and CO 2 diffusion into and out of the soil may be limited and cause O 2 depravation or CO 2 toxicity in the root system. In dry soil, soil mechanical impedance may prevent plant roots from extending into the hard soil.
One of the submodels for soil suitability for root growth was proposed by Jones et al. (1991a) , referred to here as the Jones model. This model estimates the change in relative root growth based on limiting soil conditions. The model is useful because it calculates the effects of soil restrictions such as water availability, soil strength, temperature, and chemical toxicity on basic soil properties such as soil texture, r b , and chemical concentrations. With proper calibration, the Jones model has been successful in estimating corn root growth, with time, in soil with varying soil physical properties (Benjamin et al., 1996) . This submodel, or variations of it, is used in the Root Zone Water Quality model (Ahuja et al., 2000) as well as the DSSAT model (Jones et al., 2003) . Even though these models are widely used, there has been little testing of the models specifically on predicting soil physical property effects on root growth and distribution.
Another submodel for soil suitability for root growth is the LLWR model first proposed by Letey (1985) and further refined by da Silva et al. (1994) . The LLWR model defines limits on plant growth based on measured water holding capacity and soil strength as well as an estimate of aeration restrictions based on r b and q. The LLWR model assumes that functional relationships for air-filled porosity (j a ) (m 3 m -3 ) vs. r b , wilting-point water content (q wp ) (m 3 m -3 ) vs. r b , field-capacity water content (q fc ) (m 3 m -3 ) vs. r b , and the soil strength relationship of the cone index (CI) (MPa) with q and r b are known for each individual soil. The model then determines at what combination of q and r b there are no restrictions due to aeration, water holding capacity, and soil strength.
The objective of this study was to compare the Jones model and the LLWR model for estimating relative corn root growth based on variable soil conditions. Criteria for the comparisons included whether the model reflected the variability in soil physical conditions caused by variations in q and r b during the growing season and whether the root surface area varied with predicted changes in soil suitability for root growth.
MATERIALS AND METHODS
Field Methods Corn was grown on a Weld silt loam (a fine, smectitic, mesic Aridic Paleustoll) at the Central Great Plains Research Station near Akron, CO, in 2004 CO, in (40.15° N, 103.15° W, elev. 1384 . This soil has a silt loam Ap horizon from about 0 to 12 cm with fine granular structure. A silty clay loam Bt1 horizon with fine to medium subangular blocky structure extends from about 12 to 24 cm, with a smooth boundary to a silty clay loam Bt2 horizon, also with fine to medium subangular blocky structure, to about 41 cm. A silty clay loam Btk horizon with fine to medium subangular blocky structure extends to about 64 cm.
The irrigation-tillage-crop rotation experiment started in 2001. The experiment was organized as a split-plot design with three replications. Plots were 18 by 9 m. The main plot was an irrigation treatment of either full or delayed irrigation. In the full irrigation treatment, irrigation water was applied weekly with a lateral-move irrigation system. Irrigation rates were based on calculated crop-specific evapotranspiration demands (Allen, 2000; Allen et al., 1998; Nielsen and Hinkle, 1996; Jensen et al., 1990 Crop rotation and tillage subplots were randomized within the main irrigation plots. A no-till system consisted of directly planting into the previous crop residues. A chisel plow system consisted of a fall chisel plow operation 0.2 m deep with a straight-shank chisel plow. The shanks on the chisel plow had 0.3-m centers. The tillage was followed in the spring by one or two passes with a mulch treader to break up clods and smooth the soil surface in preparation for planting. The depth of operation of the mulch treader was approximately 50 mm. Two crop rotations were used in a factorial arrangement with tillage. One rotation consisted of continuous corn (CC) production. The other rotation (Rot) consisted of a variety of crops, alternating broadleaf and grass species, with the potential to use less irrigation water than corn. Table 2 . Previous cropping history on the plot area was CC production under irrigation since at least 1997. No controlled machinery traffic pattern had been imposed previously. For this experiment, plot size and machinery working widths were such that the wheel tracks for field operations followed a controlled wheel traffic pattern.
Neutron access tubes were installed in the center of each plot in the plant row. Water contents were measured twice per week on all plots, immediately before irrigation and 1 d after irrigation each week. Measurements were taken at 30-cm intervals to a depth of 180 cm.
Soil samples for root measurements were taken at the V6 (30 June), V12 (27 July), and R1 (10 August) growth stages. Samples were taken from three positions: immediately above the plant row and in the middle of the interrow adjacent to a corn plant. A hydraulic probe with a sampling tube 75 mm in diameter and 1.12 m long was used for sampling. At each sampling time, a corn plant was clipped level with the soil surface. Any loose plant residue on the soil surface was also brushed away from the sampling site. The sampling tube was centered over the plant and a sample was taken to the 1.12-m depth. Additional samples were taken 37 cm on each side of the plant in the middle of the interrows. Each core was sectioned into 0.225-m lengths. The sample was weighed in the field to determine the wet weight. A subsample of each core was removed and placed in a sealed aluminum can for determination of field moisture content. The sectioned sample was then placed in a plastic, sealable bag and the bags placed in a Styrofoam cooler for transport from the field. After each half day's sample collecting, the samples were placed in refrigerated storage until washing the next day. Roots were washed from the soil cores, and root surface area measurements were made using digital image analysis techniques as described in Benjamin and Nielsen (2004) . All roots, including large primary roots, were included in the sample. Scans were made with an Agfa Snapscan E40 flatbed scanner (Agfa-Gevaert N.V.) at 118 pixels cm -1 (300 dpi). A grid overlay technique was used to determine the root surface area (Benjamin and Nielsen, 2004) .
Root surface area density (R sa ) was calculated as
where r a is the surface area of roots found in the soil sample and V is the soil sample volume. The results from the three samples in each layer were combined to give the average R sa and r b for each soil layer. Due to low R sa below 90 cm, only results for the surface 90 cm are presented in this study. An analysis of variance was conducted on r b and R sa within the soil volume using a mixed statistical analysis in SAS. An F test of the main effect of irrigation was performed using the replicate ´ irrigation error term. An F test for interactions with irrigation was performed using the replicate ´ interaction error term. Soil depth was treated as a repeated measure, so the F test for depth was determined using the replicate ´ depth error term. The F test for interactions with depth was performed using the replicate ´ interaction error term. Least squares means were used to determine specific treatment differences when there was a significant F test. Linear regression was used to determine the response of root density to soil suitability predicted by each model.
Models Compared
Two models of corn root growth that purport to model the effects of changing soil physical conditions on root growth were compared. The first model, the Jones model (Jones et al., 1991a) , uses basic soil physical properties such as the particle size distribution, soil organic matter content, q wp , and q fc to determine an optimum r b for a specific soil. An optimum r b and q is given a relative root growth rate of 1 and then relative root growth is adjusted for r b and q deviations from the optimum.
The second model, the LLWR model (Letey, 1985; da Silva et al., 1994) , uses measured relationships to identify root growth restrictions based on j a , water holding capacity (q wh ), and soil strength as determined by the CI. Air-filled porosity was calculated from the r b , particle density (r p ) (Mg m -3 ), and observed q as
The functional relationship of q fc with r b was determined from undisturbed cores collected from each soil layer using an equilibration pressure of -100 kPa. The functional relationship of q wp with r b was determined using disturbed samples from each layer using an equilibration pressure of -1500 kPa. The water holding capacity (q wh ) was calculated from q wp and q fc as q = q -q for the 22.5-to 45-cm soil layer.
Modifications of the original concept of the LLWR were made to model root growth restrictions. As noted by da Silva et al. (1994) , water contents in excess of q fc , by themselves, do not limit root growth. Only when the water content increases such that a condition of limited aeration exists does the limitation to root growth occur. Two levels of aeration were used based on the research of Grable and Siemer (1968) . The 10% j a was used as the level that completely restricts root growth and 20% j a was used as the level at which there was no restriction to root growth due to limitations on aeration. The modified LLWR for a Weld loam is shown in Fig. 1 . Bengough et al. (2006) criticized the LLWR because of the apparent binary nature of thresholds delineated by this technique. To overcome this limitation, we propose that the LLWR effects on root growth be modeled as a continuous function. For this modification, we assumed that there is a linear decline of root growth between q fc and the water content that provides 2 MPa CI (q st ), no root restrictions between q fc and the water content providing 20% air-filled porosity (q 20% ), and another linear decline in root growth between q 20% and the water content providing 10% airfilled porosity (q 10% ). Examples of the relative root growth calculations for varying r b and q are shown in Fig. 2 . The cumulative predicted relative root growth suitability (P RGS ) for each model was determined using the r b measured during root sampling and q measured with the neutron probe. The P RGS for the interval between planting and the root measurements was calculated by
where r 1 is the estimated relative root growth rate for the measured zonal water content (q 1 ) at the beginning of the ith interval, r 2 is the estimated relative root growth rate for the measured zonal water content (q 2 ) at the end of the ith interval, d i is the number of days in the ith interval, and n is the number of intervals of water content measurements between planting and root measurements. Both P RGS and R sa were averaged across row positions within the depth increment for subsequent regression analysis.
RESULTS

Bulk Density
Treatment effects of irrigation, tillage, rotation, depth, and their interactions had little effect on the resultant r b and, therefore, the environment for root growth (Table 3 ). There was a significant tillage ´ depth effect only at the R1 growth stage. Variability in r b was greater among plots than the mean differences among treatments for most treatments and sampling times (Table 4) . Because both models predict soil suitability for root growth based, in part, on r b differences, a range of root growth suitability ratings would be expected among all the treatments.
Water Content
Soil water content in the Rot plots was significantly less than in the CC plots for all depths and times except for one measurement on 26 July in the 0-to 30-cm layer (Fig. 3) . All the plots were irrigated the same in 2004, so the differences in water contents were caused by the differential water use of sunflower vs. corn in 2003. Both models should predict that the lower water contents in the Rot treatment compared with the CC treatment would result in a less favorable soil environment for the Rot treatment than the CC treatment.
Root Distribution
The variation in the soil environment caused by treatment effects resulted in significant changes in the root distribution depending on the growth stage of the crop (Table 3) . As expected, depth had a significant effect on the root distribution because of the inherent nature of root systems to be denser near the soil surface and decrease as depth increases. There were no treatment effects on R sa at the V6 growth stage except for depth. By the V12 growth stage, there were significant irrigation ´ depth and rotation ´ depth interactions, indicating that the variation in water content caused by the previous crop history had an effect on root distribution. At the V12 growth stage, there were significantly more roots in the 45-to 67.5-and 67.5-to 90-cm depth increments for the CC treatment than the Rot treatment (Fig. 4) . At the R1 growth stage, there were significant rotation and rotation ´ depth interactions. There were more total roots in the CC treatment than the Rot treatment, and the root distribution changed, with fewer roots near the soil surface and more roots deeper in the soil profile for the CC treatment compared with the Rot treatment.
Root Response to Soil Conditions
Root density correlated better with P RGS using the LLWR criteria for determining P RGS than using the Jones criteria at the V6 growth stage in the 0-to 22.5-cm soil layer (Fig. 5) . The P RGS based on LLWR criteria had a greater range during the 40-d time span between planting and the V6 sampling time than that based on the Jones criteria. The correlation between R sa and P RGS based on the LLWR criteria (slope = 0.0015, r 2 = 0.28, P = 0.015) was better than that based on the Jones model (slope = -0.0020, r 2 = 0.03, P = 0.50).
The better correlation of P RGS with R sa using the LLWR criteria compared with the Jones criteria was not apparent at the V12 growth stage in the 0-to 22.5-cm soil layer (Fig. 6) . At V12, the correlation between R sa and P RGS based on the LLWR criteria (slope = 0.0011, r 2 = 0.06, P = 0.29) was no different than that based on the Jones model (slope = -0.0018, r 2 = 0.02, P = 0.50). The range in P RGS based on the LLWR criteria was, however, greater than the range based on the Jones model, indicating a greater sensitivity to the variable soil conditions in this layer. III sums of squares for main treatment effects and up to the three-way interactions of main  treatment effects for bulk density (r b ) and root surface area density (R sa ) at the V6, V12, and R1 growth Table 4 . Mean least squares bulk density (r b ) and standard deviation (SD) distribution with depth for the no-till (NT) and chisel plow (CP) tillage treatments at the V6, V12, and R1 corn growth stages. In the 22.5-to 45-cm depth at the V12 growth stage (Fig. 7) , there was a better correlation of P RGS with R sa using the Jones criteria (slope = -0.0054, r 2 = 0.24, P = 0.02) than the LLWR criteria (slope = 0.00095, r 2 = 0.18, P = 0.10). Using the Jones criteria resulted in a negative slope of the regression, however, indicating that the model predicts less root growth as soil conditions become more favorable.
Depth increment
By the R1 growth stage, neither the LLWR criteria (slope = -0.0020, r 2 = 0.07, P = 0.20) nor the Jones criteria (slope = -0.0060, r 2 = 0.10, P = 0.14) resulted in a significant correlation between P RGS and R sa in the 0-to 22.5-cm layer (Fig. 8) . In the 22.5-to 45-cm layer (Fig. 9) , there was no significant correlation between P RGS and R sa using the LLWR criteria (slope = 0.00081, r 2 = 0.08, P = 0.21) or the Jones criteria (slope = 0.00052, r 2 = 0.002, P = 0.85). This is not unexpected because of the normal maximum root density that occurs in a soil zone as plant growth occurs.
DISCUSSION
The soil management effects of tillage, crops in rotation, and previous irrigation history resulted in a range of r b and q conditions throughout the growing season for evaluating root system response to variable soil conditions. These conditions also varied by soil depth. The Jones criteria appear to be more restrictive for determining suitable soil conditions for water contents at low r b , as noted by the peak optimum root growth level that gradually reduced root suitability as the water content varied from the optimum. Using the LLWR criteria, there is a wide range of water contents at low r b that provide unrestricted root growth. At high r b , the LLWR criteria are more restrictive for determining suitable soil conditions based on soil water content. For instance, at a r b of 1.5 for this soil, there is a very narrow range where any root growth is predicted, and that root growth is at a much reduced level relative to lower r b values. Using the Jones criteria, the model would still predict some root growth across a wide range of water contents.
The result of the different criteria for identifying restrictive conditions by the two models is reflected in the range of P RGS calculated from r b and q for the different growth stages. Generally, the LLWR criteria resulted in a wider range of P RGS for the regression. For instance, at the V6 growth stage, there was 44 d between planting and sampling. If the plant was growing under completely unrestricted conditions, P RGS would be 44. The LLWR criteria estimated P RGS between 1 and 36 depending on the soil r b and q. The Jones criteria estimated P RGS between 4 and 14. Similar differences occurred at all the other growth stages, with the LLWR predicting larger P RGS values than the Jones model. Considering the variation in r b and q observed at the study site, it appears that the LLWR criteria for evaluating soil suitability for root growth are more responsive to changing soil conditions than the Jones criteria.
There are conceptual differences in the way each model identifies root-restricting conditions. The Jones model assumes an optimum level of root growth at a certain q for a given r b and then decreases root growth as conditions vary from the optimum. The LLWR model assumes that there is a range of q for a given r b that provide nonlimiting conditions for root growth and that root growth restrictions occur only outside of that range. The range of optimum conditions predicted by the LLWR model and the more severe restrictions imposed by that model on relative root growth outside of that range results in the wider range of P RGS calculated for the LLWR model than the Jones model.
It appears that the LLWR criteria better identifies soil suitability for root growth during the initial stages of root growth into a soil zone compared with the Jones criteria. In the 0-to 22.5-cm layer at the V6 growth stage, when the roots were initially exploring the soil, the regression showed a positive, linear correlation between P RGS and R sa using the LLWR criteria compared with the nonsignificant correlation using the Jones criteria. In the 22.5-to 45-cm layer at the V12 growth stage, when roots were extending into the deeper soil depth, regression showed a positive linear correlation between P RGS and R sa using the LLWR criteria compared with a negative linear correlation between P RGS and R sa using the Jones criteria. Neither model was effective in describing the relation between P RGS and R sa at later times of root growth and development in any soil zone, as shown by the nonsignificant correlations of P RGS and R sa in the 0-to 22.5-cm layer at the V12 and R1 growth stages and in the 22.5-to 45-cm layer at the R1 growth stage.
The advantage the Jones model has over the LLWR model is that it calculates optimum and restrictive conditions from some very basic soil information such as soil texture, r b , and organic matter content. The LLWR model requires laboratory or field measurements of q wp , q fc , and q st across a range of r b , which may not be readily available for many soils. Several researchers (Ohu et al., 1987; Gijsman et al., 2002) have tried to provide universal predictions of q wp or q fc from more basic soil information, with mixed results. Generally, estimating q wp and q fc from soil texture and organic matter or from other basic soil information has had limited success, but using these methods have not been fully tested. Work by Whalley et al. (2007) showed promise for determining the CI-r b -q relationship needed by the LLWR model for determining q st , but, again, that method has not been fully tested.
It appears that the LLWR identifies restrictive soil physical conditions better than the Jones model. Some caution, however, is in order. It is well documented that roots respond to soil conditions in complex and oftentimes unexpected ways. These complexities are beyond the scope of the current analysis, but using limitations of soil physical properties as identified by the LLWR in larger, more comprehensive plant and root growth models may provide a better response of these models to variable soil conditions.
